Background {#Sec1}
==========

Despite the fact that the brain only makes up 2% of the body's mass, it utilizes 20% of the oxygen and nutrients. These great metabolic needs are fulfilled by its unique vasculature that, in combination with neural cells, forms a highly specialized neurovascular unit (NVU). As any other vascular system, the NVU is subject to modulation by androgens through several direct and indirect mechanisms. The purpose of this review is to highlight the effects of androgens on the cerebral vasculature under physiological and pathological conditions, such as cerebrovascular diseases (stroke and vascular contributions to cognitive impairment and dementia), which are both highly prevalent and life-threatening. Very little is known about the effects of androgens in the female cerebral vasculature. Thus, all studies presented here are in males unless otherwise noted. The effects of androgens on cerebral vessels in females are a major gap in knowledge in the field.

The cerebral vasculature {#Sec2}
------------------------

A continuous and well-regulated blood supply is essential for normal brain function. Indeed, the brain lacks energy reserves but has high energy requirements. Therefore, partial or complete interruption of cerebral blood flow (CBF) can have deleterious consequences ranging from subclinical microinfarcts, to stroke, cognitive impairment, dementia, or even death.

The brain vascularization pattern differs from that of other major organs, such as the liver and kidneys, as it is vascularized from the outside-in \[[@CR1]\]. Cerebral vessels arise from the circle of Willis (formed by the confluence of the internal carotid arteries and the basilar artery), envelop it (pial arteries), and then dive into the brain matter (penetrating arterioles), where they form a rich anastomotic network of capillaries. Each blood vessel is formed by a monolayer of endothelial cells (ECs) surrounded by layers of vascular smooth muscle cells (VSM). VSM contractions alter vessel diameter and therefore regulate blood flow. The larger the vessel, the greater the number of VSM layers, ranging from two to three for arterioles up to 20 layers for large arteries. Pericytes replace VSMs on capillaries \[[@CR2], [@CR3]\]. Pial arteries and smaller arterioles branching from them are surrounded by the perivascular space (Virchow-Robin space), an extension of the subarachnoid space filled with cerebrospinal fluid. The perivascular space is bound by the vascular basement membrane and the basement membrane of the glia limitans and is important for the removal of waste products, such as amyloid beta \[[@CR4]--[@CR7]\]. Deeper arterioles become smaller in diameter (\< 100 μm) and are devoid of the perivascular space. Their basement membrane is in direct contact with that of the glial cells and is enveloped by the astrocytic end-feet. For a thorough overview of the cerebral vasculature, we refer readers to Cipolla 2009 \[[@CR8]\]. In the following sections, we will explore how androgens can influence this extensive cerebrovascular network.

Androgens {#Sec3}
=========

Synthesis and metabolism {#Sec4}
------------------------

Androgens are natural or synthetic steroids that are agonists of the androgen receptor (AR). They are synthesized through a serial metabolism of cholesterol by several enzymes present in the mitochondrial membrane and the endoplasmic reticulum.

Most circulating androgens (predominantly testosterone (T) and 5α-dihydrotestosterone (DHT)) are synthesized in gonads and adrenal glands. Androgens readily cross the blood-brain barrier (BBB) but can be locally synthesized or metabolized in several organs such as muscle, the central nervous system (CNS), and the cerebrovasculature. Indeed, T can be metabolized by 5α--reductase into DHT, a more potent androgen receptor agonist. Moreover, both T and DHT can be further metabolized into hormones that activate the estrogen receptor (ER). Aromatase converts T into 17β-estradiol, and DHT can be metabolized into 5α-androstane-3β, 17β-diol (3β-diol), which activates estrogen receptor β (ERβ) \[[@CR9]\].

Androgens' modes of action {#Sec5}
--------------------------

Androgens' classical signaling pathway occurs through the AR, a nuclear receptor that acts as a ligand-activated transcription factor. At least 7 splice variants of AR have been identified \[[@CR10]\]. AR is normally sequestered in the cell cytoplasm by a complex of proteins including heat shock proteins (e.g., HSP90). Upon binding to its ligand, AR is liberated, homodimerizes, is phosphorylated, and translocates into the nucleus where it binds its target DNA on the level of androgen response elements. It then recruits a series of transcription activators or repressors, influencing the expression of target genes. This genomic effect is a relatively slow process that requires several hours. It is noteworthy that AR potency is inversely linked to a polymorphism of trinucleotide CAG expansion in the first exon, with longer repeats leading to a decrease of the receptor's transactivation function \[[@CR11]\]. This is an important factor to consider during T administration, as individuals with shorter AR gene CAG expansions would yield a greater response than those with a longer repeat \[[@CR12]\].

Non-genomic, fast-acting, actions of androgens have also been described. These are mediated by a membrane-bound AR, in addition to other receptors such as G-protein-coupled receptor C6AG (PRC6A) and Zrt- and Irt-like protein 9 (ZIP9) \[[@CR13]\]. Some of the non-genomic actions of androgens on the vasculature include increases in intracellular calcium and protein kinase C activation; increases in cAMP, activation of phosphatidylinositol-3 kinase/Src pathway; and increases in nitric oxide (NO) production \[[@CR13]\].

Of note, both T and DHT can be metabolized into ER agonists, as previously mentioned. Two isoforms of nuclear ERs have been identified, ERα and ERβ, and at least five splice variants have been identified for ERβ \[[@CR14]\]. Estrogens can also act through non-genomic actions mediated by membrane-bound ERα (mERα) and ERβ (mERβ), as well as the membrane-bound G-protein-coupled estrogen receptor GPER1 (also known as GPR30) \[[@CR15]--[@CR17]\]. Even though estrogens' effects on the NVU are the most well described \[[@CR18]\], we will focus on androgens in this review and would like to refer the readers to Robison et al. 2019 for more details on estrogen effects \[[@CR19]\].

Finally, T route of administration has been shown to have an impact on its effects \[[@CR20], [@CR21]\]. When compared to intramuscular and transdermal administration, oral T treatment results in higher cardiovascular risk. Further, serum DHT levels (but not T) were greater when T administration was transdermal versus intramuscular, possibly due to metabolism by 5α-reductase in the skin \[[@CR20]\].

Cerebrovascular expression of receptors and metabolizing enzymes {#Sec6}
----------------------------------------------------------------

The cerebral vasculature of both rodents and humans express sex steroid receptors and metabolizing enzymes (Fig. [1](#Fig1){ref-type="fig"}). Indeed, male human brain microvascular ECs \[[@CR22]\] and human brain VSM cells \[[@CR23]\] express ERα, ERβ, and AR, and many sex hormone metabolizing enzymes including 3β-hydroxysteroid dehydrogenase (HSD), 3α-HSD, 17β-HSD, and CYP7B1. In the rodent cerebral vasculature, ERα, AR, GPER1, and 5α-reductase are expressed in both VSMs and ECs \[[@CR24]--[@CR27]\], while aromatase and ERβ have only been reported in ECs in the rodent cerebral vasculature \[[@CR27], [@CR28]\]. Data on aromatase expression in human brain endothelial cells is lacking, as well as data on the expression of the majority of these receptors and enzymes in pericytes. The expression of steroid receptors and metabolizing enzymes in the cerebral vasculature (Fig. [1](#Fig1){ref-type="fig"}) make it a potential target for sex hormone actions (Table [1](#Tab1){ref-type="table"}, Fig. [2](#Fig2){ref-type="fig"}). Fig. 1Androgen metabolism and signaling in the cerebral vasculature. Signaling pathways are indicated using green arrows. Metabolic pathways are indicated using blue arrows, and metabolizing enzymes are in purple. Confirmed expression in cells of the cerebral vasculature is indicated by cartoon cell types (see key). AR, androgen receptor; ER, estrogen receptor; HSD, Hydroxysteroid dehydrogenase; ZIP9, Zrt- and Irt-like protein 9; GPRC6a, G-protein-coupled receptor C6A; GPER1, G-protein-coupled estrogen receptorTable 1Effects of androgens on functions of the cerebral vasculatureFunctionSubjects/cellsAndrogenResultsReferenceAngiogenesisEPC (healthy male donors)Methyltrienolone (synthetic androgen)Dose-dependent increase in proliferation, migration and colony formation. Effect is AR-dependent (blocked by flutamide).Foresta et al. \[[@CR29]\]AngiogenesisEPC (healthy male donors)DHTDose- and time-dependent increase in VEGF and proliferative, migratory, and adhesive abilities of EPCs. Via RhoA/ROCK pathway.Zhang et al. \[[@CR30]\]AngiogenesisEPC (healthy male donors)DHTDose- and time-dependent increase in proliferative activity and adhesive ability of EPCs. The PI3-K/Akt pathway plays a role.Liu et al. \[[@CR31]\]AngiogenesisHealthy adult malesN/AT/E2 ratio negatively correlated with number of EPCs.Fadini et al. \[[@CR32]\]AngiogenesisEPC (healthy male donors)T or DHTNo effect on expansion and function of late EPCs; increase generation of early EPCsFadini et al. \[[@CR32]\]AngiogenesisAdult male SD rats (intact & GDX)T or DHT replacementT & DHT replacement unable to restore reduced EPC levels in GDX malesFadini et al. \[[@CR32]\]AngiogenesisAdult female canariesTIncreased angiogenesis and endothelial BDNF, VEGF, and VEGF-R in the brainLouissaint et al. \[[@CR33]\]Cerebrovascular reactivityAdult male Fisher 344 rats (intact & GDX)T replacementEndothelium-dependent myogenic tone is reduced in GDX rats, which is NOS-independent and reversed by T replacement.Geary et al. \[[@CR34]\]Cerebrovascular reactivityAdult male Fisher 344 rats (GDX)T replacementT replacement increased vascular tone in endothelium-dependent manner of isolated MCA, independent of COX, NOS, and endothelin. Effect may be through suppression of EDHF-like vasodilator.Gonzales et al. \[[@CR35]\]Cerebrovascular reactivityAdult male Fisher 344 rats (GDX)T replacementT replacement increased vascular tone of MCA, likely by increasing synthesis of thromboxane A2.Gonzales et al. 2005 \[[@CR36]\]BBB function and inflammationAdult male C57BL/6J mice (intact & GDX)T replacementGDX increased BBB permeability and inflammation; reduced EC TJ proteins. Effects reversed by T replacement.Atallah et al. \[[@CR37]\]Blood-spinal cord barrierYoung adult male Wistar ratsTT treatment decreased some TJ proteins in spinal cord and increased P-gp expression.Nierwinska et al. \[[@CR38]\]InflammationAdult male Wistar rats (GDX)DHT replacementDHT stimulated CBV inflammation by increasing COX-2, iNOS, and NFkB levels in cerebral arteries (ex vivo and in vivo). Effect is AR-dependent (blocked by flutamide).Gonzales et al. \[[@CR39]\]InflammationAdult male Wistar rats (GDX)DHT (in vivo or ex vivo)DHT increases COX-2 under normoxia but decreases COX-2 under hypoxia in cerebral arteries. DHT blunts HIF-1a following hypoxia.Zuloaga & Gonzales \[[@CR40]\]InflammationPrimary human brain VSMCDHTDHT increases COX-2 under normoxia but decreases COX-2 under hypoxia. DHT blunts HIF-1a following hypoxia (AR-independent).Zuloaga & Gonzales \[[@CR40]\]InflammationPrimary human brain VSMCDHTAnti-inflammatory effect of DHT (reduction of COX-2) is mediated by ER-beta, likely via conversion to 3β-diolZuloaga et al. \[[@CR22]\]InflammationAdult male Fisher 344 rats (intact & GDX)T (in vivo) or ex vivo T treatmentT increases LPS-induced CBV inflammation (COX-2, iNOS, PGE2).Razmara et al. \[[@CR41]\]EC senescenceAdult male SAMP8, control SAMR 1 miceDHTDHT treatment decreases hippocampal endothelial cell senescence.Ota et al. \[[@CR42]\]Table 2Androgens' effects on outcomes of the MCAO model of stroke in male rodentsThis table summarizes the outcomes of androgens' modifications (removal by GDX or supplementation after GDX) on the MCAO model of stroke in young (\< 6 months) versus old (12+ mo) rodents. Positive effects are indicated in green and negative effects are in red. GDX: gonadectomy; DHT: 5α-dihydrotestosterone; T: testosterone; MCAO: middle cerebral artery occlusionFig. 2Effects of androgens on cerebrovascular function. Green arrows represent promotion of the function, while red lines with rectangles at ends represent inhibition of the function. Mechanisms by which these effects have been shown to occur in the cerebral vasculature are listed along the lines. COX-2, cyclooxygenase 2; CLDN5, claudin-5; EPC, endothelial progenitor cell; HIF-1α, hypoxia- inducible factor 1-alpha; iNOS, inducible nitric oxide synthase; TXA2, thromboxane A2; SRT1, Sirtuin 1; VCID, vascular contributions to cognitive impairment and dementia; VEGF, vascular endothelial growth factor; VEGF-R2, vascular endothelial growth factor receptor 2; ZO1, tight junction protein ZO-1

Effects of androgens on the cerebral vasculature {#Sec7}
================================================

Angiogenesis {#Sec8}
------------

Angiogenesis is the process of new blood vessel formation, requiring the migration and proliferation of endothelial progenitor cells (EPCs) or resident ECs. The majority of evidence shows that androgens promote angiogenesis, although most of this evidence comes from other vascular beds, while effects in the brain are less well studied. In male human EPCs (derived from the blood), androgen treatment in vitro stimulates EPC proliferation, migration, and colony formation through an AR-mediated pathway \[[@CR29]\]. DHT significantly increases the proliferative, migratory, and adhesive abilities of male human blood-derived EPCs in a dose- and time-dependent manner and upregulates the levels of vascular endothelial growth factor (VEGF), a signal that stimulates the formation of the blood vessels \[[@CR30]\]. Furthermore, DHT can modulate the human EPC proliferation and adhesion via a PI3-K/Akt pathway; however, these effects are dose-dependent and are diminished with low- or high-androgen doses \[[@CR31]\]. Finally, the castration of adult rats results in decreased circulating EPC numbers, though T replacement did not restore their numbers \[[@CR32]\]. Fadini and colleagues (2009) also showed that androgen replacement was able to only partially restore T levels, and the authors also suggest the effects of castration may be mediated by an estrogen-dependent pathway \[[@CR32]\].

Studies on the effects of androgens on angiogenesis from brain ECs are lacking. Using in vitro assays comparing angiogenic potency in peripheral ECs of male AR knockout versus wild type mice, androgen signaling, via AR, has been shown to have a positive influence on angiogenesis \[[@CR43]\]. In vivo, AR knockout mice also show impaired blood flow recovery with reduced capillary density in surviving skeletal muscle after hind-limb ischemia \[[@CR43]\]. Androgens could have a sex-specific effect on angiogenesis in the peripheral vasculature, as males (but not females) show vascularization of matrigel plugs harvested from mice 14 days after gonadectomy and DHT treatment \[[@CR44]\]. Conversely, a study in female songbird brains showed that T increased vascularization and expression of pro-angiogenic growth factors, including VEGF and its high-affinity receptor, VEGF-R2 \[[@CR33]\]. Although this single study in the songbird brain and many studies in other vascular beds suggest a pro-angiogenic role of androgens, studies examining the effects of androgens on angiogenesis in the human and rodent brain specifically are lacking.

Androgen-dependent regulation of angiogenesis may be altered with aging. Indeed, when treated with DHT, fibroblasts isolated from young men increase VEGF production, while fibroblasts isolated from older men were not responsive to DHT \[[@CR45]\]. Human umbilical vein ECs (HUVECs) treated with conditional media from these fibroblasts displayed increased angiogenic potential. These effects were AR dependent, as they were blocked by flutamide (AR antagonist). By contrast, this effect was lost when cells were isolated from older men, due to an impairment of AR translocation into the nucleus \[[@CR45]\]. This study highlights the importance of age in androgen effects and supports the hypothesis that the same levels of androgens may be less effective in older versus younger men.

Cerebrovascular reactivity {#Sec9}
--------------------------

The brain's vasculature responds and adapts to energy/oxygen demands via neurovascular coupling. ECs, pericytes, astrocytes, neurons, and the extracellular matrix form the neurovascular unit, which allows for focal rapid increases in CBF in response to neuronal activity. Moreover, CBF is maintained relatively constant within a range of systemic blood pressures due to cerebrovascular autoregulation. Indeed, VSM cells have the ability to constrict when intravascular pressure increases, therefore adjusting the vascular tone in response to changes in the arterial pressure \[[@CR8]\]. In the cerebral vasculature, as in any other vascular bed, the blood flow is regulated by the delicate balance of vasoconstrictors, which induce smooth muscle contraction (e.g., endothelin-1, thromboxane), and vasodilators that cause relaxation \[e.g., nitric oxide (NO), prostacyclin, and endothelial-derived hyperpolarizing factors (EDHF)\].

Chronic androgen exposure has been shown to regulate the vascular tone through their influence on both vasoconstrictor and vasodilator pathways. In rodents, multiple studies have shown that chronic exposure to androgens promotes vasoconstriction of cerebral vessels. This is supported by findings that castration in male rats causes vasodilation of the middle cerebral arteries (MCA) \[[@CR34]--[@CR36]\]. Indeed, MCA wall thickness and myogenic tone were significantly greater in arteries from intact and T-treated rats compared to castrated rats 4 weeks after castration. Chronic T treatment of MCA segments ex vivo did not alter endothelin-1 (ET-1, vasoconstrictor) nor prostacyclin (PGI2, vasodilator) production, suggesting androgen's effects are not mediated by these pathways \[[@CR35]\]. However, other potential pathways for androgens' regulation of the vascular tone were identified in a subsequent study. It was found that T treatment enhances thromboxane-A2, a potent vasoconstrictor and prothrombotic factor, in rat cerebral blood vessels \[[@CR36]\]. Furthermore, both of these studies found that T affects myogenic tone through modulation of EDH, but independently of NO and cyclooxygenase-1 (COX-1) pathways \[[@CR35], [@CR36]\]. These studies were performed in males, while the effects of androgens on vascular reactivity in the female cerebral vasculature are yet to be determined.

It is noteworthy that acute androgen treatment has been shown to cause vasorelaxation in a variety of other vascular beds such as coronary, mesenteric, and prostate arteries. These studies show that this effect is non-genomic, AR-independent, and is likely mediated by calcium-activated potassium channels (BKCa) \[[@CR46]--[@CR49]\]. Acute androgen treatment has yet to be tested in the rodent cerebral circulation; however, BKCa-dependent relaxation has been described in rat cerebral arteries and could potentially be engaged by androgens \[[@CR50]\]. Of note, T induces relaxation of the male canine basilar artery in vitro by blockage of voltage-dependent Ca^2+^ channels and, to a lesser extent, by activation of K^+^ channels. This is a rapid, non-genomic effect independent of the AR or aromatase activity \[[@CR51]\].

Androgens' effects on cerebrovascular reactivity seem to differ depending on the dose and duration of treatment (acute vs. chronic). This highlights the need for deeper investigation into the interaction between androgens and the cerebral vasculature. Further, most of the studies regarding long-term T treatment did not assess its local metabolism into estrogens, which may be relevant since estrogens are vasodilators \[[@CR19]\].

In humans, T seems to influence circulating levels of the powerful vasoconstrictor ET-1 \[[@CR52]\]. An increase of plasma ET-1 levels is observed in individuals undergoing female-to-male gender transition that are treated with T \[[@CR52]\]. Conversely, plasma ET-1 levels were reported to be higher in males with hypogonadism and seemed to decrease after T administration \[[@CR53]\]. This suggests a sex-specific action of androgens on ET-1 levels in humans, with T decreasing ET-1 in men but increasing it in individuals undergoing female-to-male transition.

Blood-brain barrier {#Sec10}
-------------------

The cerebral vasculature is unique in its barrier properties, allowing selective regulation of the movement of molecules and cells between the blood and the CNS \[known as the blood-brain barrier (BBB)\]. The BBB results from the selectivity of the tight junctions between ECs of the central nervous system vessels. The properties of the BBB are maintained by critical interactions with other cells in the NVU, such as astrocytes. Astrocytic end-feet surround the ECs of the BBB, forming the "glia limitans" and providing biochemical support. The BBB protects the brain tissue from toxins and pathogens and helps regulate its homeostasis. Alterations of the BBB properties are an important component of pathology and progression of different cerebrovascular diseases. For more details about the BBB, we refer the reader to the review by Daneman and Part \[[@CR54]\].

There are some inconsistencies in the literature regarding the effects of androgens on the BBB under physiological conditions, but the majority of the evidence suggests they are protective in males. Their effects on the BBB in females are unknown. In male mice, chronic depletion of T (by castration) increases the permeability of the BBB in the medial preoptic area, a highly sensitive brain area with respect to gonadal T. These effects can be reversed by T replacement \[[@CR37]\]. The increase in BBB permeability after depletion of T is due to loss of expression of tight junction proteins such as claudin-5 and ZO-1 \[[@CR37]\]. Conversely, a recent study shows that T supplementation for 6 weeks to young adult male Wistar rats compromises the blood spinal cord barrier as shown by a reduced expression of tight junction proteins, such as occludin, Jam 1, and VE-cadherin in the spinal cord \[[@CR38]\]. This indicates that androgens' effects on the blood barrier could be region-specific. Interestingly, in other vascular beds, DHT treatment increases occludin expression and transendothelial electrical resistance (an indicator of permeability) in cultured HUVECs. Preincubation with an AR antibody inhibited this effect, suggesting it is mediated by the plasma membrane-associated receptor \[[@CR55]\].

In contrast to the protective effects of androgens on the BBB under physiological conditions, under pathological conditions, such as in a stroke model, DHT has been shown to have deleterious effects. These effects include downregulation of claudin-5 and upregulation of the proinflammatory chemokine CCL2, which is known to induce BBB damage \[[@CR56], [@CR57]\]. Further investigation is thus needed to confirm the role of androgens under normal and more importantly pathological conditions.

Cerebrovascular inflammation and oxidative stress {#Sec11}
-------------------------------------------------

Considering its important roles in brain function, damage caused to the cerebral vasculature by inflammation and/or oxidative stress contributes significantly to the pathogenesis of cerebrovascular diseases. During cerebrovascular inflammation, cells release a variety of pro-inflammatory mediators such as cytokines, chemokines, and proinflammatory enzymes, such as cyclooxygenase-2 (COX-2) and inducible nitric oxide synthase (iNOS) leading to increased oxidative stress and subsequent cell damage \[[@CR58]\]. Both COX-2 and iNOS are hence used as markers of cellular inflammation. Inflammation and oxidative stress create a feedback loop of processes that can cause injury to and dysfunction of the vasculature and breakdown of the BBB \[[@CR59]\]. Furthermore, increased permeability of the BBB can allow greater infiltration of leukocytes into the brain, increasing inflammatory processes and exacerbating cerebrovascular diseases.

Androgens appear to have opposite effects on cerebrovascular inflammation under physiological versus pathophysiological conditions. Under basal conditions, pro-inflammatory effects are often reported. DHT, via AR, stimulates cerebrovascular inflammation by increasing COX-2 and iNOS levels in male cerebral arteries in vivo and ex vivo, as well as in the primary human brain VSM cells \[[@CR39], [@CR40]\]. Conversely, under pathological conditions of endotoxin-induced inflammation, hypoxia, or ischemia, DHT is often reported to have anti-inflammatory effects. Under hypoxic conditions, DHT decreases HIF-1α and COX-2 levels in castrated male cerebral arteries in vivo and ex vivo, as well as in primary human brain VSMs and ECs \[[@CR23], [@CR40]\]. Similar anti-inflammatory effects of DHT have been observed in peripheral vascular cells under pathological conditions (e.g., cytokines or LPS-induced inflammation, ischemia) in vitro \[[@CR40], [@CR60], [@CR61]\]. In contrast to DHT, T appears to have pro-inflammatory effects in the presence of LPS. In rats, androgen depletion by castration does not affect cerebrovascular inflammation under basal or inflammatory conditions of an endotoxin-induced (LPS) inflammation model \[[@CR41]\]. However, chronic in vivo T treatment (4 weeks prior to LPS injection) exacerbates cerebrovascular inflammation by significantly augmenting the expression of COX-2 and iNOS in the cerebral vessels of male rats after LPS injection. This effect was maintained ex vivo in pial arteries \[[@CR41]\], suggesting that T has long-lasting effects on cerebrovascular inflammation. These contradictory effects of T and DHT may be mediated by different mechanisms of action.

In contrast to DHT's pro-inflammatory effect under a physiological condition which is AR-dependent, under pathophysiological conditions DHT decreases vascular inflammation via an AR-independent mechanism by conversion to 3β-androstanediol and activating ERβ \[[@CR22], [@CR23], [@CR40]\]. Thus, effects of androgens on cerebrovascular inflammation seem to vary by androgen type and under physiological versus pathological conditions.

Systemic inflammation increases with age and has been associated with cognitive decline \[[@CR62], [@CR63]\]. T deficiency accelerates neuronal and vascular aging of senescence-accelerated mouse prone 8 (SAMP8), a mouse model of aging, and these parameters were ameliorated by DHT treatment. SIRT1, a NAD-dependent deacetylase, played an important role in the protective effect of DHT against oxidative stress-induced endothelial senescence in the hippocampus of these mice \[[@CR42]\]. Thus, DHT also seems to be protective against EC senescence in the brain's vasculature.

Androgens are also reported to be potent antioxidants, as shown in ECs and VSMs from other vascular beds \[[@CR64], [@CR65]\]. DHT treatment of HUVECs protects them against oxidative stress (hydrogen peroxide)-induced apoptosis. The protective effect of DHT was associated with the inhibition of caspase-3, caspase-9, and p38 MAPK phosphorylation induced by reactive oxygen species \[[@CR64]\]. Further studies are needed to determine if these antioxidant effects extend to the cerebral vasculature.

A main consequence of cerebrovascular inflammation and oxidative stress is atherosclerosis, which contributes directly to the pathogenesis of cerebrovascular diseases \[[@CR66]\]. Athero/arterio-sclerosis can be caused by inflammation and fatty deposit accumulation (e.g., cholesterol, LDLs) in the vessel wall. Some studies show that androgens have detrimental effects on several atherogenic processes \[[@CR36], [@CR67]\]. Androgen treatment increases expression of atherosclerosis-related genes in cultured male human macrophages; however, this is not true for macrophages derived from females \[[@CR67]\]. Contrastingly, in primary human brain VSM cells and in ex vivo rat cerebral arteries, DHT, via an AR-independent mechanism, decreases proinflammatory mediator pathways following chronic exposure to hypoxia with glucose deprivation \[[@CR40]\]. Androgens, via AR, inhibit oxidative stress-induced platelet aggregation, reducing the risk of thrombosis \[[@CR68]\]. Castrated rats show an increase in hydrogen peroxide-induced platelet aggregation. The addition of DHT at physiological doses significantly inhibited this aggregation, and the effect was blocked by flutamide \[[@CR68]\]. These data illustrate a complicated role of androgens that could be beneficial on certain aspects but detrimental on others. Studies investigating the effects of androgens on cerebrovascular inflammation and oxidative stress in females are lacking.

Sex differences {#Sec12}
---------------

As mentioned above, the cerebral vasculature expresses sex steroid receptors and metabolizing enzymes; not surprisingly, sex differences in its structure and function have been identified. Indeed, sex differences in human regional CBF were detected 3 decades ago by Rodriguez et al., with women showing an 11% higher CBF than men across all regions examined \[[@CR69]\]. Since then, other differences in cerebral vasculature function have been demonstrated \[for a detailed review of sex differences in the cerebral vasculature, we refer the readers to Robison et al. 2019). For example, differences in response to ET-1 or angiotensin II (Ang II) stimulation ex vivo in human cerebral arteries have been described. When stimulated, cerebral arteries from both middle-aged men and women upregulate ET-1 receptors and Ang II production; however, arteries from women were significantly less responsive to both vasoconstrictors \[[@CR70]\]. Sex differences have also been identified in mouse cerebral arteries in response to Ang II. Cerebral arteries isolated from young adult wild-type male mice showed greater contractile responses to Ang II and greater generation of reactive oxygen species than arteries from females, potentially leading to a greater oxidative stress in males \[[@CR71]\]. A recent, very thorough, study described numerous sex differences in the structure and function of rat middle cerebral arteries \[[@CR72]\]. Wall thickness and the inner diameter of the MCA were smaller in 3-month Sprague Dawley female rats compared to males. Further, vascular smooth muscle cells were fewer in female MCA and showed a weaker contractile capability in vitro. Female MCA also had a greater myogenic tone and wall stress but less distensibility. Finally, MCA of male and female rats displayed similar vasoconstrictive responses to increases in perfusion pressure; however, at high-pressure levels (140--180 mmHg), female vessels failed to constrict and exhibited forced dilation \[[@CR72]\]. Taken together, these results demonstrate sex differences in the function of both human and rodent cerebral arteries.

Cerebrovascular diseases {#Sec13}
========================

According to the World Health Organization, cerebrovascular disease (CBVD) is the second leading cause of death behind cardiovascular disease, accounting for more than 10% of all deaths worldwide \[[@CR73]\]. CBVDs, mainly stroke and vascular contributions to cognitive impairment and dementia (VCID), are also leading causes of disability. Here, we review how androgens affect these diseases and interact with their risk factors (Fig. [2](#Fig2){ref-type="fig"}).

Stroke {#Sec14}
------

The deadliest CBVD is stroke, which kills about 140,000 Americans per year, making it the 5th leading cause of death in the USA \[[@CR74]\]. A stroke is the result of an interruption or reduction in CBF, which can lead to oxygen and nutrient deprivation of the brain resulting in subsequent damage. In \~85% of cases, stroke is a consequence of the stenosis/occlusion of a blood vessel (ischemic stroke); stroke can also be caused by rupture of vessels or aneurysms (hemorrhagic stroke; 15%) \[[@CR75]\]. Stroke incidence and mortality rates are highly dependent on age and hormonal status \[[@CR76], [@CR77]\]. While stroke incidence is reported to be higher in men than in women during childhood and early adulthood, this sex difference disappears in middle-aged individuals and is even reversed in the elderly age group. For extensive review on the effects of sex and sex hormones in stroke prevalence, pathology, and outcomes, please refer to Roy-O'Reilly et al. \[[@CR78]\].

The influence of androgens on stroke risk varies with age, such that high levels increase risk in the young, but low levels increase risk in the elderly. An increased incidence of stroke is observed in male neonates and infants (\< 4 years old) compared to females of the same age. This is likely attributable to the two postnatal surges in T levels that occur at 1 week and 4--6 months after birth in boys \[[@CR79], [@CR80]\]. In pediatric populations, elevated T levels are associated with 4--5 fold increased risk of stroke, independent of pubertal status \[[@CR81], [@CR82]\]. Furthermore, a positive correlation is noted between high T levels and stroke. Each 1 nmol/l increase in serum T in boys is correlated with a 1.3-fold increase in the odds of cerebral thromboembolism \[[@CR81]\]. Conversely, low androgen levels are linked to increased stroke risk with aging. In elderly men, lower total T level predicts increased incidence of stroke and poorer functional outcomes after adjusting for conventional risk factors for cardiovascular disease \[[@CR83]--[@CR85]\]. Moreover, serum T levels are lower in male stroke patients and are correlated with stroke severity, mortality, and infarct size \[[@CR77], [@CR86]\]. Taken together, these studies suggest that androgens' effects on stroke appear to be dose-dependent, with both too high and too low levels of androgens putting men at increased risk of stroke. T altering therapies have diverse effects in men. For example, men undergoing androgen deprivation therapy for prostate cancer are at higher risk of ischemic stroke \[[@CR87]\]. However, T replacement therapy in males over 65 years old has also been shown to increase the risk of adverse cardiovascular and cerebrovascular events \[[@CR88]\]. The small size and the unique population of this clinical trial prevent generalization of the adverse effects of T. Although most of these studies have focused on men, a recent study examined the relationship between CBVD and androgens in women. In middle-aged women (40--60 years old), free T levels positively correlated with the carotid plaque area and hence a greater CBVD incidence \[[@CR89]\].

Moreover, the balance between T and E2 is also important for CBVD risk. Among older men (60--90 years old), extremely low or high T/E2 values are associated with an increased incidence of CBVD \[[@CR90]\]. Further, among post-menopausal women, a higher risk for incidence of cardiovascular disease is associated with an elevated T/E2 ratio \[[@CR91]\].

In line with clinical data showing that high-androgen levels increase stroke risk in younger populations, animal models demonstrate that young adult male rodents exhibit worse pathology and functional outcomes following cerebral ischemia compared to females \[[@CR92]--[@CR98]\]. These sex differences could be due to sex hormones or sex chromosomal complement. In order to tease the contributions of sex hormones versus sex chromosome complement, the four-core genotype (FCG) model is used. In this model, the sex-determining SRY gene is moved from the Y chromosome to an autosome, allowing the generation of XX males (XXM) and XY females (XYF) \[[@CR99]\]. The generated XXM have a hormonal status comparable to XY males (the same is true for XYF and XX females); therefore, the comparison between the two allows a better understanding of the chromosome versus hormone effects. Using the middle cerebral artery occlusion (MCAO) stroke model in the FCG mice, Manwani et al. demonstrate that sex differences in ischemic stroke sensitivity appear to be shaped by sex hormones, rather than sex chromosomal complement. Indeed, young adult males (XXM and XYM) had significantly higher infarct volumes as compared with gonadal females \[[@CR100]\]. In further support of the role of sex hormones, in young adult male rats, castration is protective against ischemic stroke injury, as evident by a reduced infarct volume after MCAO. Supplementation with T or DHT to physiological levels restores infarct volumes to levels seen in intact males \[[@CR56], [@CR101]--[@CR104]\]. Moreover, the effects of androgens on ischemic injury outcomes appear to be dose-dependent. In young male mice (2 months), Uchida et al. compared infarct size of intact, GDX, and GDX animals treated with either a low (1.5 mg) or a high (5 mg) dose of T \[[@CR101]\]. Castration and low-dose androgen treatment 1 week before MCAO reduced infarct size, whereas high-dose T treatment exacerbated damage. These androgen effects were AR-dependent, as they were mimicked by DHT and blocked by flutamide. Of note, low-dose T-treated mice showed better functional recovery than untreated GDX controls 3 days after MCAO. However, this benefit was no longer apparent in T-treated mice at 7 days post-stroke, suggesting a time-sensitive effect \[[@CR101]\].

Infarct size varies by age and sex in mouse models of stroke. Compared to age-matched females, young (5--6 months) males had significantly higher infarct volumes; however, this sex difference is reversed in middle-aged (14--15 months) mice, and no sex difference is found in 20--22-month-old mice \[[@CR96]\]. These sex differences are generally attributed to the protective roles of estrogens in young females. However, it was recently shown that despite the lack of effect of sex chromosome complement in young mice, in late middle-aged/aged mice (18--20 months), sex chromosomal complement may emerge as a major contributor as XX females and XX males have significantly larger infarct volumes 72 h post MCAO than XY mice of either sex, while no significant difference in hormone levels is detected among all aged FCG mice \[[@CR105]\]. This increased infarct size in the XX mice was shown to be due to enhanced inflammation. Post-stroke inflammation, which leads to secondary neuronal damage, is hypothesized to be enhanced in old XX mice due to a failure of X-chromosome inactivation with age. Regardless of the mechanism in females, the infarct size is smaller in middle-aged and aged males compared to young males, which in mice is supported by data showing that androgens increase infarct size in young animals, as previously mentioned.

In rodent models, the effects of androgens appear to vary with aging. In contrast to the detrimental effects of T in young rodents, supplementing T in middle-aged rodents (12--14 months) to the physiological levels ordinarily seen in young males (3 months) 1 week before MCAO reduces infarct size \[[@CR102]\]. The effects of T in both young (increase infarct) and middle-aged rodents (decrease infarct) seem to be AR-dependent, as they are blocked by flutamide \[[@CR101], [@CR102]\]. Furthermore, infarct sizes are comparable in middle-aged male aromatase knockout (ArKO) mice \[[@CR102]\], suggesting that T is not acting via conversion to estradiol.

Androgen effects on stroke also vary by timing of androgen administration relative to stroke onset. Interestingly, as opposed to other studies where androgen modulation happened before or immediately after stroke, T replacement (physiological levels) improves functional recovery and reduces inflammation in the area of injury when administered 7 days post MCAO in young castrated rats \[[@CR106]\]. This data suggests that androgens' effects also depend on the time of administration.

Taken together, these observations highlight the complexity of androgens' role in stroke, showing that their effects are sex-, age-, dose-, and even time-dependent (Table [2](#Tab2){ref-type="table"}).

Vascular contributions to cognitive impairment and dementia (VCID) {#Sec15}
------------------------------------------------------------------

Maintenance of appropriate CBF and BBB function is crucial for the structural and functional integrity of the brain. Thus, it is not surprising that alterations in cerebral blood vessels have a profound impact on cognitive function. Vascular contributions to cognitive impairment and dementia (VCID) are a heterogeneous group of disorders defined by cognitive impairment (mild) or vascular dementia (VaD, in severe cases) resulting from cerebrovascular pathology. Diverse vascular alterations contribute to the pathogenesis of VCID, ranging from systemic conditions affecting global cerebral perfusion (such as cardiovascular disease, carotid artery stenosis/occlusion) or alterations involving cerebral blood vessels, most commonly small size arterioles or venules including arteriosclerosis, cerebral amyloid angiopathy (CAA), and cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL). Of note, the stroke itself can lead to VCID, as one out of three stroke survivors will develop dementia \[[@CR107]\]. For an in-depth review of VCID, we recommend Iadecola et al. 2013 \[[@CR1]\]. VCID symptoms can include mental slowness and deficits in executive function and memory, as well as a variety of behavioral, psychological, and neurological disturbances. VaD is the second most common form of dementia behind Alzheimer's disease (AD), accounting for ∼15% of dementia cases \[[@CR108]\]. Moreover, VCID is comorbid in up to 80% of AD patients, resulting in multi-etiology dementia \[[@CR109], [@CR110]\].

VaD is slightly more common in men \[[@CR111]--[@CR115]\]; however, this trend seems to be reversed in the elderly population, as VaD is more prevalent among women above 85--90 years old \[[@CR114], [@CR116]\]. Data about the association between dementia and serum T levels is mixed \[[@CR117]--[@CR120]\]. In elderly men (71--93 years old), endogenous T levels were not associated with risk for cognitive decline and AD, whereas higher estrogen levels increased risk for cognitive decline and AD \[[@CR119]\]. A more recent longitudinal study found that men (71--88 years old) with the lowest T levels had increased risk of developing dementia (unspecified etiological causes) compared to those in the highest quartile \[[@CR120]\].

Surprisingly, androgens' effects in animal models of VCID, such as the chronic cerebral hypoperfusion models (e.g., unilateral carotid artery occlusion or bilateral carotid artery stenosis) have yet to be assessed. However, in a rat model of post-stroke dementia, it was found that T replacement after castration increased cognitive deficits following stroke in middle-aged males \[[@CR122]\]. It is unclear if the cognitive effect observed was dependent on infarct volume or was independent of stroke severity. However, this effect was found to be mediated by increased oxidative stress, as it could be inhibited by a free-radical scavenger. In contrast to the detrimental effects of T in the context of stroke, in sham animals, T actually improved cognitive performance \[[@CR122]\]. Therefore, future studies are needed to determine the role of androgens in models of cerebral small vessel disease and chronic cerebral hypoperfusion.

Non-vascular effects of androgens affecting CBVD outcomes {#Sec16}
---------------------------------------------------------

Even though it is beyond the scope of this review, it is important to mention that the role of androgens in CBVD's goes beyond their effects on the vasculature itself. Androgens are also known to influence several neural cells, as well as other aspects of these diseases such as inflammation and oxidative stress outside of the vasculature. Indeed, protective effects of T are also found in studies of oxidative stress, β-amyloid toxicity, and serum deprivation in neurons \[[@CR123]--[@CR126]\]. Additionally, T has been shown to increase glutathione levels (an antioxidant) in cultured neuronal and glial cell lines \[[@CR127]\]. In the MCAO stroke model, GDX rats treated with T for 10 days starting 24 h after induction of brain ischemia show increased antioxidant effects, as well as increased brain-derived neurotrophic factor (BDNF) levels and neurogenesis, associated with enhanced recovery \[[@CR128]\]. Further, both androgens and the cerebral vasculature regulate several aspects of neural development that could affect disease outcomes, such as neurogenesis and myelination. Indeed, the vasculature is an important scaffold for neuronal cell migration \[[@CR129]\] and oligodendrocytes \[[@CR121]\]. During myelin repair, blood vessels guide implanted Schwann cell migration in the adult demyelinated mouse spinal cord \[[@CR130]\]. T affects oligodendrocytes number during development via an AR-dependent pathway \[[@CR131]\] and is also important for myelin repair \[[@CR132]\]. Endothelial cells have also been shown to stimulate the self-renewal of neural stem cells by secreting several factors \[[@CR133]--[@CR135]\]. T also enhances neurogenesis in young adult rodents as evident by the increasing survival of newly formed neurons. This effect is not observed in females and middle-aged males \[[@CR136]--[@CR138]\]. Thus, androgens may affect CBVD through non-vascular mediated mechanisms.

Risk factors {#Sec17}
============

Androgens' effects on CBVD could be indirect by altering several risk factors. In this section, we will briefly discuss risk factors that affect and/or are affected by androgens (Fig. [3](#Fig3){ref-type="fig"}). For an extensive review of risk factors for VCID and the way they differ between sexes, we refer readers to Gannon et al. \[[@CR139]\]. Fig. 3Interaction between androgens and cerebrovascular disease risk factors. a Schematic representation of risk factors influencing or correlating with androgen levels in males and females. b Schematic representation of how androgen levels affect/correlate with risk factors for cerebrovascular diseases. Relations are shown in pink in females, and those in males are shown in blue. T/E2, testosterone to estrogen ratio increases after menopause in females

Sex and age {#Sec18}
-----------

Overall, men appear to be at a higher risk for CBVD throughout most of the lifespan, although in elderly individuals this trend is reversed \[[@CR78], [@CR116], [@CR139]\]. This is believed to be a result of menopause, which causes an increase in the androgen to estrogen ratio in women. However, this could also be due in part to aging, as age is one of the major risk factors for CBVD, and women are known to benefit from a survival bias \[[@CR140]\].

Androgen levels decline with age in both men and women (Fig. [4](#Fig4){ref-type="fig"}). In men, beginning around the age of 35--40 years, circulating T levels decrease by approximately 1--3% per year \[[@CR141]\]. Around 20% of men older than 60 years old and 50% of men older than 80 years old have serum T concentrations below the normal range for young men \[[@CR62], [@CR142]\]. Fig. 4Schematic representation of testosterone levels during adulthood. Plasma testosterone levels (relative to those found in young men) are plotted during adulthood in men (blue) and women (pink)

Women, in general, have a 20- to 25-fold lower circulating concentration of androgens compared with men \[[@CR143]\]. T levels also decline in women with age \[[@CR144]\]. For example, in the fourth decade of life and prior to menopause, T levels approach 50% of those seen in the third decade of life \[[@CR145]\]. Upon completion of menopause, T levels are \~15% of premenopausal levels \[[@CR62], [@CR145]\]. However, one study reported increased T levels in women 20--30 years post-menopause compared to women less than 20 years post-menopause \[[@CR146]\] (Fig. [4](#Fig4){ref-type="fig"}).

This decline in T levels with age in both men and women may be linked to sex-specific effects on peripheral (non-cerebral) vascular aging (arterial stiffening and endothelial dysfunction). Sex differences in vascular aging in response to androgens, specifically T are reviewed by Moreau et al. \[[@CR147]\].

Of note, women with polycystic ovary syndrome (PCOS) have elevated levels of plasma androgens, which are associated with increased risk of cardiovascular disease including stroke \[[@CR148], [@CR149]\]. A small study involving 18 women with PCOS showed alterations of white matter microstructure and compromised cognitive performance (indicators of VCID) compared to controls, independent of age, education, and body mass index (BMI) \[[@CR150]\].

Hypertension {#Sec19}
------------

Hypertension (high blood pressure) is known to increase risk of VCID \[[@CR112], [@CR151]\]. Men are more prone to hypertension than women throughout most of the lifespan, although this sex difference dissipates during aging and is even reversed after menopause \[[@CR152]\]. Hypertensive men have significantly lower T levels than non-hypertensives, even after adjusting for age and body mass index. In support of this, both systolic and diastolic blood pressure (BP) are inversely correlated with T levels in adult men \[[@CR153]\]. Conversely, in women, a positive association between T and BP is observed, even after menopause \[[@CR154]\]. Further, T supplementation in female-to-male transgender individuals leads to a significant increase in BP \[[@CR155]\]. Thus, the relationship of androgens with blood pressure is sex specific, with high blood pressure being linked to low androgen levels in men, but high androgen levels in women.

Hyperlipidemia {#Sec20}
--------------

Hyperlipidemia is defined by elevated total cholesterol (TC), low levels of high-density lipoprotein cholesterol (HDL), and high levels of low-density lipoprotein cholesterol (LDL). In the US, low HDL prevalence is 3-fold higher among adult men than women \[[@CR156]\]. Total cholesterol levels are similar between men and women in the young adult (20-39 yo) and middle aged (40-59 yo) groups. However, for adults aged 60 and over, there is 2.5× higher prevalence of high total cholesterol in women \[[@CR156]\]. Hyperlipidemia is associated with increased risk of cardiovascular disease. In men, but not in women, low HDL levels and high triglyceride levels are associated with increased all-cause dementia risk \[[@CR157]\]. In men, several cross-sectional and prospective observational studies show that low endogenous T is associated with high LDL and low HDL. Exogenous T administration is associated with decreased HDL but also with beneficial decreases in LDL and TC \[[@CR158], [@CR159]\]. Low androgen levels are therefore associated with hyperlipidemia and, by consequence, higher CBVD risk in men. It is noteworthy that in female-to-male transgender individuals, T treatment leads to decreased HDL levels, as well as higher LDL and triglycerides levels \[[@CR160], [@CR161]\]. Despite this change in lipid profile, as well as an increase in blood pressure (mainly systolic), meta-analyses and retrospective studies do not report any increase in CBVD risk among female-to-male transgender individuals \[[@CR162]\].

Diabetes {#Sec21}
--------

Diabetes, both type 1 and type 2, increases risk for CBVD. Type 1 diabetic (T1D) patients suffer from a shortened lifespan (∼68 years in women, ∼66 years in men) \[[@CR163]\], which is probably the reason why the role of type 1 diabetes in VaD or VCID risk has yet to be determined. However, stroke risk is increased 3.7-fold for males and 4.8-fold for females with T1D compared to matched controls \[[@CR164], [@CR165]\].

Type 2 diabetes (T2D) increases risk of cognitive dysfunction and doubles the risk of VaD \[[@CR166]--[@CR168]\]. Type 2 diabetics have worse cognitive performance than those with normal blood glucose levels. Further, diabetes duration of 15 years or more is associated with significantly poorer processing speed and executive function \[[@CR166]\].

There are sex differences in the effect of T2D on VaD. Using a pooled metanalysis study that included 2.3 million people, Chatterjee et al. showed that individuals with T2D are at ∼60% greater risk for the development of all-cause dementia, and VaD in particular. When this data was stratified by sex, it showed that diabetic women have a 19% greater risk for the development of VaD than diabetic men. After adjusting for possible confounders, women with diabetes had a 120% greater risk for the development of VaD compared to non-diabetic women, whereas in men, diabetes increased the risk by 70% compared to non-diabetic men \[[@CR169]\]. In support of this, among VaD patients, diabetes is more prevalent in women than men (64% vs. 36%) \[[@CR170]\].These results suggest that diabetes is a greater risk factor for VCID in women compared to men.

Men are more prone to develop T2D than women of a similar body weight, and even at a younger age. This may be linked to men usually having more visceral fat and higher degree of insulin resistance compared to women of comparable age and BMI \[[@CR171]\]. T deficiency is linked to an increased risk of T2D in men \[[@CR158]\], with higher T level being associated with a decrease in T2D risk \[[@CR172]\]. Additionally, an interaction between diabetes and low androgen levels in men is shown to increase inflammation, oxidative stress, and atherosclerotic markers leading to higher risk of cardiovascular events \[[@CR173]\]. These findings highlight a possibly protective role of androgens in diabetic men. Conversely, in women, androgen excess predisposes to insulin resistance and T2D \[[@CR174]\]. This is of relevance in the case of PCOS, where women have higher incidence of insulin resistance and a higher risk of dementia such as AD \[[@CR175]\]. Thus, the effects of androgens on metabolic disease appear to be sex-specific.

Prediabetes, defined as glucose intolerance or insulin resistance in the absence of hyperglycemia, has also been found to be a risk factor for vascular dementia, all-cause dementia, and AD \[[@CR176]\]. Men with impaired glucose tolerance (prediabetes) have significantly lower total testosterone levels. Further, total T is inversely associated with both impaired glucose tolerance and T2D in men, suggesting a protective role of androgens in metabolic disease \[[@CR143]\]. Conversely, women with impaired glucose tolerance have significantly higher bioavailable T and E2 levels than those with normal glucose tolerance. Their T and E2 levels were positively associated with fasting plasma glucose \[[@CR143]\]. Thus, androgens appear to have opposite associations with glucose tolerance in each sex, with low T being detrimental in men but beneficial in women.

Obesity {#Sec22}
-------

Obesity can contribute to CBVD risk directly or indirectly by influencing other risk factors. Indeed, visceral adiposity (reflected by a high waist circumference, waist-to-hip ratio, or waist-to-height ratio) is associated with high stroke risk \[[@CR177]\]. Visceral fat, but not subcutaneous fat, is also associated with cerebral small vessel disease, as reflected by higher incidence of white matter hyperintensities in individuals with high visceral fat \[[@CR178]\]. Furthermore, midlife (40--45 years old) obesity increases risk of VaD, and individuals who are overweight have a 2× higher risk of VaD independent of cardiovascular disease, stroke, and diabetes comorbidities \[[@CR179]\]. Additionally, lifestyle factors such as poor nutrition and lack of physical activity can contribute to both obesity and dementia risk (reviewed in \[[@CR180], [@CR181]\]).

In the USA, women are more prone to obesity than men \[[@CR182]\]. In women, serum androgen levels have been shown to increase with increasing body mass index in post-menopausal, but not pre-menopausal women \[[@CR183]\]. The link between obesity and androgens in women is reviewed in Pasquali et al. \[[@CR184]\]. Interestingly, we have found that obese middle-aged female mice develop more severe glucose intolerance than obese males when on a high fat diet \[[@CR185]\].

In men, there is a bidirectional relationship between obesity and T levels \[[@CR186]\], whereby low androgen levels contribute to obesity and obesity decreases androgen levels. Specifically, decreases in androgens are associated with increased body mass index and obesity in men \[[@CR187], [@CR188]\]. In obese individuals, the increased aromatase activity/estrogen synthesis from fat mass leads to a reduction in T production by suppressing the hypothalamic-pituitary-testis pathway \[[@CR189]\]. Further, low T, resulting from androgen deprivation therapy in prostate cancer patients, leads to an increase in visceral and subcutaneous abdominal fat \[[@CR190]\]. This association of low androgen levels with obesity appears to be sex specific, with low androgen levels observed in obese men, but high androgen levels in overweight women.

All of these risk factors (hypertension, dyslipidemia, insulin resistance/type 2 diabetes, obesity) are key features of the metabolic syndrome, which is a known risk factor for CBVD and has been associated with lower androgen levels/hypogonadism in men. Lifestyle factors (such as diet and exercise) and T treatment may have additive beneficial effects of battling metabolic syndrome and its downstream complications on CBVD \[[@CR186], [@CR191]--[@CR193]\].

Conclusions {#Sec23}
===========

In summary, men are more prone to CBVD, including stroke and VCID, throughout most of their lifespan, although this sex differences dissipates and even reverses in the elderly. Sex differences in these diseases might be due to sex hormones such as androgens. Androgens' effects on blood vessels have been studied in the scope of cardiovascular diseases, including stroke, which show that T effects on stroke vary with age and dosage in men. In the cerebrovasculature, both ECs and VSMs express androgen receptors and metabolizing enzymes, making the cerebral vasculature a direct target of androgens. Indeed, androgens affect several aspects of the cerebral vasculature such as angiogenesis, cerebrovascular reactivity, and BBB integrity (Table [1](#Tab1){ref-type="table"}). However, most studies of androgen effects on blood vessels were done in vitro on isolated cells or in other vascular beds. Studies examining specific effects of androgens on the cerebral vasculature are sparse and virtually non-existent in females. Further, there is little to no information on how androgens regulate some aspects of vascular physiology such as pericyte or lymphatic function. Studies of androgens' effects on VCID models are also lacking.

The important interactions between androgens, the cerebral vasculature, and several aspects of brain homeostasis affected in health and disease draw attention to hormone altering therapies such as androgen deprivation for prostate cancer and male-to-female transgender individuals and androgen replacement therapies in cases of hypogonadism, anabolic steroid use, and female-to-male transgender individuals. Particularly, as the population ages, T deficiency and hypogonadism are becoming increasingly recognized as a problem with negative consequences in men. As a result, androgen replacement is being investigated in various clinical modalities in men to reduce these negative effects of hypogonadism \[[@CR194]\]. Androgen replacement therapy gains even more importance in the scope of CBVD risk factors such as hypertension, diabetes, and obesity/dyslipidemia, which have all been linked to low T levels. These same risk factors have also been seen in men with prostate cancer who have been treated with androgen deprivation therapy. Further studies evaluating the benefits/risks of hormone replacement therapy in the scope of aging and other risk factors are needed for both men and women.

The effects of sex hormones, notably androgens, vary based on dose, age, and disease state, highlighting the need for animal studies that accurately model clinical conditions (e.g., aged subjects, presence of common co-morbidities). Unfortunately, most studies reviewed here utilized young; otherwise, healthy male animals highlighting the need of more comprehensive animal study designs that take into consideration possible interactions between sex, age, and other risk factors that commonly occur with CBVD. Greater understanding of androgens' effects on cerebrovascular function and disease will assist in developing personalized approaches and help determine the optimum dose and timing of androgen altering therapies.
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